. -Eleven chair-restrained rhesus monkeys
were classically conditioned to a 1-min, 900-Hz tone (C&) followed by food and a l-min, 3 .4~kHz tone (CS,) followed by shock. Each conditional stimulus produced large, sudden, and highly significant (P < ,011 increases in left ventricular systolic pressure (LVP), its first time derivative (d(LVP)ldt), and heart rate (HR). The animals' hearts were surgically denervated following control studies of the conditional responses. Two to four weeks later, these responses were reexamined by again presenting CS,. and CS, to five surviving monkeys following a format identical to that used in the control experiments.
Complete cardiac denervation virtually eliminated the sudden increases in each of the measured variables. Denervation also "unmasked" small-magnitude, delayed chronotropic and inotropic responses during CS, (but not CS& These effects were ascribed to the action of circulating catecholamines known to be secreted during "emotional" stress. Four monkeys studied for 6 mo or more postoperatively showed evidence for varying degrees of cardiac reinnervation. Loss of nervous control of the nonhuman primate heart greatly compromises the cardiovascular response to these environmental and behavioral stress situations. cardiac reinnervation; nonhuman primate; heart rate; blood pressure; dP/dt LEFT AND RIGHT VENTRICULAR iSOm&riC force Of COIItraCtion and the rate of rise of ventricular pressure have been shown to increase significantly during classical aversive conditioning (i .e., "emotional" stress), eating, and exercise in monkeys (17). It is reasonable to infer that the autonomic nervous system plays an important role in integrating and controlling these and other behaviorally induced cardiovascular responses. However, it is not possible to make firm, quantitative statements describing the relative importance of the sympathoadrenal and parasympathetic systems in the regulation of the heart in intact animals in the absence of definite experimental data which directly address this important issue. Such experiments would provide a valuable link between studies of the nervous regulation of the heart in anesthetized, open-chest preparations and the steadily mounting data describing cardiovascular changes observed in nonanesthetized subjects. One productive approach to this question would entail a comparison of cardiovascular responses observed during behavioral testing before and after surgical interruption of the cardiac nerves. For instance, Donald et al. (6) (7) (8) reported that greyhound dogs were still able to race following "regional neural ablation" (RNA) of the cardiac nerves and that heart rate in these animals slowly increased to attain a steady-state plateau proportional to the amount of work performed.
Somewhat delayed increases in cardiac output in conjunction with normal blood pressure changes were also reported. by passing a catheter through the apex of the heart into the left ventricle. Lightly heparinized saline solution (3,000 U/liter, ca. 50 ml/day) was infused through the catheters using a Harvard peristaltic pump to maintain patency. The monkeys were dressed in a specially designed vest and rechaired upon complet implanted catheters. time constant of 1 ms. Heart rate was determined using a Beckman cardiotachometer. Control observations of the conditional cardiovascular responses (as well as the phenylephrine induced bradycardia) were made for a minimum of 10 trials per animal recorded during the 2 wk preceding the denervation surgery. A format for presentation of CS, and CS, identical to that used during the training and control sessions was followed in each of the five surviving animals for the 2nd and 4th wk following the denervation to complete the comparative study of pre-and postdenervation conditional responses. One monkey was studied for an extended period so that conditioning sessions for 'is-yr postdenervation are also reported. Left ventricular pressure, d(LVPl/&, and HR were measured at successive 5 s intervals starting 15 s prior to presentation of the tone and continuing through 30 s after delivery of the shock (the "UCS" or unconditional stimulus) or, alternatively, through delivery of the last food pellet. The cardiovascular responses for the 10 or more trials for each animal were then averaged for the successive 5-s intervals. These data were combined to yield a description of the conditional and unconditional responses of a "composite monkey" by in turn averaging together the responses for the individual animals. The change in each variable was evaluated against resting control values measured 30 s before presentation of the conditional stimulus. The statistical significance of these changes was determined using the Student t test.
Tests for cardiac reinnervation. Four monkeys, including three additional untrained subjects, were tested for cardiac reinnervation.
The animals were sedated with Sernylan (1 mg/kg, im) at approximately i/z, 3, 6, and 9 mo postoperatively and removed from their cages. Under a local anesthetic agent, small branches of the femoral artery and vein were exposed and catheterized for pressure monitoring and intravenous infusions. The left and right cervical vagi were similarly exposed for stimulation. Aseptic techniques were used throughout. The possibility of parasympathetic reinnervation was functionally examined by infusing phenylephrine in sufficient dose to evoke a pressor response of from 20 to 30 mmHg and by stimulating the vagus nerves supramaximally (20/s, 5 ms duration, 5 V). A sudden decrease in heart rate demonstrated parasympathetic reinnervation. Conversely, nitroglycerine was infused to decrease blood pressure by 20 mmHg (typically 4 @g/kg); tachycardia indicated parasympathetic and/or sympathetic reinnervation had occurred. Finally, the response to tyramine (200 pg/kg) was examined, and an increase in heart rate was taken as evidence for sympathetic reinnervation. The catheters were then removed, the wounds closed, and the animals returned to their cages. Monkey Maneto was tested for parasympathetic reinnervation while in his chair using phenylephrine infused through an indwelling catheter; no sedation was necessary.
RESULTS
The most remarkable change following denervation was an elevation in resting heart rate in each of the five trained monkeys; standard error during rest for these animals before and after the two-stage operation. Cardiac denervation also eliminated the respiratory sinus arrhythmia which is characteristic of the normal monkey. The pressor-induced bradycardia subsequent to phenylephrine infusion disappeared completely for at least 4 wk following surgery. Figure 1 illustrates a cardiovascular response conditioned to an unavoidable electric shock. This response is typical of those routinely evoked in each of the monkeys prior to denervation. The conditional stimulus was presented at "CS, on" and followed 1 min later by the shock. CS, was accompanied by an immediate tachycardia and pressor response; d(LVP)ldt started to increase within seconds of the onset of CS,. This response pattern contrasts markedly with that evoked following cardiac denervation. Figure 2 illustrates a trial conducted approximately 3 wk after surgery in one of the denervated monkeys; the short-latency, large-magnitude responses evoked in the control experiments were virtually eliminated by interruption of the cardiac nerves. Instead, only very small increases in the variables can be discerned starting at approximately lo-12 s after onset of CS,; HR and d(LVP)ldi increased by no more than 6-8 beats/min and 300 mmHg/s, respectively. The conditional pressor response was also markedly suppressed. Two of the five monkeys displayed somewhat larger responses such as those illustrated in Fig. 3 the appearance of a bigeminal rhythm and resulting changes in pressure, HR, and d(LVPYdt. Figure 4 provides a quantitative summary of the control and denervation cardiovascular responses during classical aversive conditioning for the "composite" monkey. The mean changes f standard error as evaluated against data recorded at 30 s before CS, are plotted for successive 5-s intervals for preoperative trials in 10 monkeys and for postoperative trials during the 2nd to 4th wk after surgery from the five totally denervated monkeys. Each 5-s period prior to CS, is designated by a "minus" sign; those after the shock are designated by a "plus" sign. The statistical significance of the changes is designated on the figure. The control response consisted of increases in HR, LVP, and d(LVP)l& which were highly significant (P < 0.01) within 5 s after commencement of the conditional stimulus. Denervation of the heart completely eliminated each of the short-latency responses. Later in the CS,, there was an upward trend for each of these variables; while these changes were generally not found to be statistically significant in the analysis of the composite data (with 4 df), similar trends in four of the individual monkeys were shown to be significant 0' < 0.05). Finally, note that the transitory decrease in LVP occurring in conjunction with the shock was not eliminated by denervating the heart. Figure 5 illustrates heart rate changes conditioned to shock in Maneto who was studied for 6 mo following denervation; mean heart rate + standard error are given for 19 preoperative control trials, 20 trials during the 2nd to 4th postoperative wk (labeled "denervation"), and 10 trials conducted l/2 yr after denervation (labeled "partially reinnervated"). These data demonstrate the elimination and gradual reemergence of the short-latency conditional and unconditional tachycardia.
Resting heart rate had begun to decrease toward control levels by V2 (0.1 mg/kg) at that time caused HR to increase back to denervation levels. Lastly, by l/2 yr postoperatively, small but immediate increases in d(LVP)/& were elicited during CS,.
The appetitive conditioning trials are summarized in Fig. 6 ; denervation data are from four monkeys, since one of the five animals was not trained in CSf. Once again the control conditional responses were highly significant (P < .Ol) within 5 s after the beginning of CSf, but were not as large as those evoked during aversive conditioning.
Conversely, the unconditional responses during ingestion of the food were much larger than any other changes observed during the behavioral testing procedures. Cardiac denervation completely eliminated the sudden conditional responses in all three variables. There were no noticeable adjustments of longer latency during CSf analogous to those observed during CS,. An unconditional, momentary depressor response shortly after delivery of the first food pellet persisted after denervation; the subsequent overall pressor response was attenuated but not eliminated.
Delayed HR and d(LVP)/dt
changes of very limited proportions may be discerned during the latter half of the feeding period.
The results of a study of parasympathetic reinnervation are illustrated by the experiment in Format is identical to that for Fig. 4 except that CSf extends to "+60" s (see text for further details). sulted in a definite bradycardia.
In a similar trial 2 wk after surgery (middle left), heart rate was stable and the pressor response evoked no discernible change. Six weeks later (lower left panel), a small decrease in rate was evident. By 14 wk postoperative (upper right), a fairly substantial reflex bradycardia was evoked. Onehalf year after surgery, both phenylephrine (middle  right) and cervical vagal stimulation (right bottom) produced marked slowing of the heart. Table 2 summarizes these data for the four monkeys. Each animal showed definite slowing of the heart in response to phenylephrine infusion and/or vagal stimulation by 6-8 mo after the operation.
Often stimulation of one nerve evoked a larger response than the contralateral nerve.
DISCUSSION
The primary effect of cardiac denervation on resting hemodynamic values in the rhesus monkey was to cause a decided increase in heart rate; these results differ from those reported for the dog (6-9, 11, 14), and we conclude that A4. mzdatta normally has a relatively high vagal tone (5) . Administration of atropine to Maneto l/2 yr after surgery caused heart rate to revert to levels observed immediately after denervation. This finding reflects a pharmacological blockade of a reemerging parasympathetic tone at the SA node. The phenylephrinebradycardia data also demonstrate that the sinus node pacemaker was denervated immediately after surgery. Examination of the conditional and unconditional cardiovascular data before and after denervation clearly reveals that interruption of the cardiac autonomic nerves eliminated short-latency, behaviorally induced cardiovascular adjustments during "emotional" conditioning and eating. The long-latency changes observed, especially during CS,, were of very limited magnitude in comparison with the control responses. These findings contrast somewhat to those reported in racing dogs (6) (7) (8) where a sizeable, though delayed, tachycardia persisted after RNA. These apparent inconsistencies may be due in large part to the widely differing cardiovascular patterns evoked during strenuous exercise and appetitive and aversive Pavlovian conditioning procedures. More particularly, while exercise is associated with large increases in cardiac output and decreased total peripheral resistance, classical aversive conditioning reportedly is accompanied by opposite changes, namely, an increase in total peripheral resistance (19). Also, a small number of nervous pathways to the heart may persist after RNA (15), so that direct neural influences could exaggerate the cardiac responses which were observed during these experiments.
In spite of these considerations, it seems certain that some cardiovascular adjustments still occur after denervation in both exercising dogs and behaviorally conditioned monkeys. Delayed increases in HR, LVP, and d(LVP)/& were observed to some degree in four of the five animals during CS,. The latency of these responses (about 12 s) was remarkably consistent for each animal and is similar to that reported for changes in coronary flow in dogs during excitement following RNA (11 increases in heart rate. Zero indicates the intervention elicited no change. Data given for trials conducted prior to surgery (i.e., control), immediately after denervation (i.e., denervation), and at specified monthly intervals thereafter.
Results demonstrate the reemergence of neurally mediated heart rate changes by 6 to 8 mo postoperatively. RCV catecholamines, it should be noted that they were undoubtedly potentiated somewhat by the phenomenon of "denervation hypersensitivity" (4) . Continuing in this assumption, it would seem that the adrenal component of the sympathoadrenal system displays differing response patterns to aversive and appetitive conditioning; that is, the HR and d(LVP)/dt changes during CS,. or even during eating in the denervated animals were much smaller than those during CS,, although very large-magnitude responses were recorded during control appetitive conditioning trials. This would indicate that the adrenal medulla is activated more strongly during the "excitement" associated with "fear" than that associated with "anticipation" of food in a hungry animal.
Two cardiovascular adjustments were not completely eliminated by cardiac denervation: 1) the depressor response following delivery of the first food pellet and after the shock; and 2) the pressor response during eating. This indicates that these changes were mediated largely via peripheral vascular adjustments and not at the heart itself. However, the attenuation of the eatinginduced pressor response and the elimination of the initial conditional increases in pressure during both CS, and CS, do indicate that these changes depend in part on increases in cardiac output mediated by the cardiac autonomic nerves.
Data from these experiments are directly applicable to the human heart transplant on several levels. While the authors attributed these findings to acute rejection and problems of ischemia associated with atherosclerosis, the possibility that these dysrhythmias may somehow have been triggered by environmental events should not be neglected. The exact mechanisms remain undetermined, but may be related to the incipient parasympathetic reinnervation seen in this trial (next paragraph), and consequent "autonomic imbalance." Although cardiac transplant patients have shown no
